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The exosome regulates the processing, degradation,
and surveillance of a plethora of RNA species. How-
ever, little is known about how the exosome recog-
nizes and is recruited to its diverse substrates. We
report the identification of adaptor proteins that
recruit the exosome-associated helicase, Mtr4, to
unique RNA substrates. Nop53, the yeast homolog
of the tumor suppressor PICT1, targets Mtr4 to pre-
ribosomal particles for exosome-mediated process-
ing, while a second adaptor Utp18 recruits Mtr4 to
cleaved rRNA fragments destined for degradation
by the exosome. Both Nop53 and Utp18 contain
the same consensus motif, through which they
dock to the ‘‘arch’’ domain of Mtr4 and target it to
specific substrates. These findings show that the
exosome employs a general mechanism of recruit-
ment to defined substrates and that this process is
regulated through adaptor proteins.
INTRODUCTION
The RNA exosome is an integral component of the eukaryotic
RNA metabolism machinery that has been implicated in the
processing, degradation, and surveillance of a multitude of
RNA species (Chlebowski et al., 2013; Houseley et al., 2006).
The nuclear exosome processes precursors of numerous stable
RNA species (Allmang et al., 1999) (rRNA, snoRNA, and snRNA)
and degrades by-products of RNA processing reactions. Addi-
tionally, it targets for surveillance numerous cryptic unstable
transcripts (CUTs) (Wyers et al., 2005) and aberrant RNAs. In
the cytoplasm the exosomedegrades aberrantmRNAs identified
by the NMD (nonsense-mediated decay) (Takahashi et al., 2003)
and NGD (no-go decay) (Doma and Parker, 2006) pathways.
The core exosome forms a nine-subunit ring, through which
substrate RNA is fed to Rrp44, the associated nuclease that dis-
plays both endo- and 30-50 exonucleolytic activity (Lebreton
et al., 2008; Liu et al., 2006; Makino et al., 2013; Mitchell et al.,
1997). The nuclear form of the exosome can associate with a
second exonuclease, Rrp6, which has additional unique sub-
strates. A number of auxiliary factors that act in concert with
the exosome have been described, including 30-50 RNA heli-
cases, the activity of which seems integral. The helicase Ski2
promotes the cytoplasmic exosome (Anderson and Parker,1998), while the nuclear exosome requires Mtr4 (Allmang et al.,
1999; de la Cruz et al., 1998), another member of the Ski2-like
helicase family. It is suggested that RNA-dependent helicases
aid exosome processing and degradation by unwinding duplex
RNA substrates and presenting it to the exosome. Mtr4 acts
alone and as a component of the TRAMP (Trf/Air/Mtr4 polyade-
nylation complex) (LaCava et al., 2005; Vana´cova´ et al., 2005;
Wyers et al., 2005) that targets RNAs for turnover and surveil-
lance. TRAMP-independent activities of Mtr4 include the pro-
cessing of stable RNAs, where Mtr4 has been proposed to
recruit the exosome (Houseley et al., 2006).
The crystal structures of Mtr4 (Jackson et al., 2010; Weir et al.,
2010) and Ski2 (Halbach et al., 2012) reveal that in addition to
the helicase domains both enzymes contain a unique domain
insertion, called the ‘‘arch.’’ This domain emanates from the
helicase core and is composed of two anti-parallel coiled coils,
followed by the globular b-barrel structure, termed the KOW
(Kyrpides-Ouzounis-Woese), a domain that is found in a number
of ribosomal proteins. In vivo analysis has linked the Mtr4 arch
domain to a subset of exosome-mediated processes that
include the maturation of the 5.8S rRNA and degradation of
the 50 ETS (external transcribed spacer) rRNA spacer fragment
(Klauer and van Hoof, 2013). Additionally, it has been suggested
that the arch is involved in RNA binding, since the KOW domain
of Mtr4 and the equivalent domain in Ski2 can bind RNA in vitro
(Halbach et al., 2012; Weir et al., 2010).
While considerable progress has been made in understanding
the enzymatic and structural characteristics of Mtr4 and Ski2,
the mechanism by which these helicases, together with the exo-
some, recognize their heterogeneous substrates has remained
obscure. Our study clarifies this by showing that Nop53 and
Utp18, two factors each regulating a distinct step in ribosome
assembly, function as adaptor proteins to recruit Mtr4 through
its arch domain to specific RNA substrates. In this way, the 7S
pre-rRNA, a processing intermediate in nascent 60S pre-ribo-
somes, and the 50-ETS fragment cleaved from the 50-end of
the 18S rRNA during co-transcriptional pre-rRNA processing,
can be targeted and channeled to the nuclear exosome for
respective processing or degradation.RESULTS
Nop53 Interacts Directly with the Exosome-Associated
Helicase Mtr4
Nop53 is an essential ribosome biogenesis factor (Granato et al.,
2005; Thomson and Tollervey, 2005) that associates with aCell 162, 1029–1038, August 27, 2015 ª2015 Elsevier Inc. 1029
Figure 1. The N Terminus of Nop53 Inter-
acts Directly with the Arch Domain of the
Exosome Co-factor Mtr4
(A) Affinity purification of endogenously tagged
TAP-Flag-Nop53 co-purifies Mtr4. Final eluates
were analyzed by SDS-PAGE and Coomassie
staining.
(B) Yeast two-hybrid analyses reveal an interaction
between Nop53 and the arch domain of Mtr4.
Nop53 was fused to the GAL4 activation domain
(AD), and Mtr4 constructs were fused to the GAL4
binding domain (BD). Transformants were spotted
in 10-fold serial dilutions onto SDC-Trp-Leu (SDC)
or SDC-Trp-Leu-His (SDC-His) plates. Positive
and negative colonies on the SDC plates appear
with different gray intensities since positive col-
onies are white and negative colonies are red.
(C) In vitro binding assay reveals the interaction of
Nop53 and the Mtr4 arch domain. GST-CtNop53
was incubated with purified full-length or trun-
cated Mtr4 and immobilized on GSH-beads. Final
eluates were analyzed by SDS-PAGE and Coo-
massie staining.
(D) The N terminus of Nop53 is required for inter-
action with Mtr4. Affinity purification of full-length
and truncated TAP-Flag-Nop53 particles. Final
eluates were analyzed by SDS-PAGE, followed by
Coomassie staining or western blot analysis
(lower) using the indicated antibodies.
(E) Growth analysis of wild-type Nop53 and Mtr4
compared to Nop53DN66 and Mtr4 Darch. WT
and truncated Nop53 and Mtr4 constructs were
transformed into Nop53 and Mtr4 shuffle strains,
respectively, selected on 5-Fluoroorotic acid
(FOA) and tested for growth on yeast peptone
dextrose (YPD) plates. Strains were plated in
10-fold serial dilution and grown at the indicated
temperatures.
(F) Nop53DN66 causes a defect in 7S pre-rRNA
processing. The RNA analysis of the strains
described in (E). RNA was visualized using the
following 32P 50-labeled oligonucleotide probes;
50 ETS (033); 7S, 5.8S+30, and 6S (020); 5.8S
(017); 5S (041).
See also Figure S1.number of nuclear pre-60S particles (e.g., Rsa4-particle, Arx1-
particle) that typically contain the 7S pre-rRNA intermediate
(Jakob et al., 2012), which during maturation is processed to
mature 5.8S rRNA (Allmang et al., 1999; Briggs et al., 1998) (Fig-
uresS1A–S1C).Weobserved that purification ofNop53 led to the
co-precipitation of a 125 kDa protein not routinely seen in other
pre-ribosomal purifications (Figure 1A). This band, visible by
Coomassie, was identified by mass spectrometry to be Mtr4.
When compared to other pre-ribosomal particles affinity-purified
via a broad range of assembly factors, the only bait protein to
show substantial Mtr4 association was Nop53 (Figure S1A).
A direct interaction between Mtr4 and Nop53 would represent
a physical link between the exosome and its pre-ribosome1030 Cell 162, 1029–1038, August 27, 2015 ª2015 Elsevier Inc.substrate. To investigate this possibility, we performed yeast
two-hybrid analysis, utilizing different Mtr4 constructs (Figures
1B and S1D). This revealed that Mtr4 and Nop53 interact via
the arch domain of Mtr4. The interaction could be biochemically
reconstituted using recombinant Mtr4 and Nop53 from Chaeto-
mium thermophilum (Ct), where CtNop53 exhibits better solubi-
lity and yield upon purification when compared to the yeast
homolog (data not shown). Binding assays showed a direct
and stoichiometric interaction between GST-tagged CtNop53
and full-length CtMtr4 or the short arch domain of CtMtr4 (a
construct where the first and the last coiled coils have been
removed) (Figure 1C). However, CtMtr4 constructs lacking the
arch domain or its KOW region could no longer interact with
CtNop53 (Figure 1C). The interaction of Nop53 with the arch
domain of Mtr4 appears specific, as Nop53 fails to interact
with the equivalent domain of the related helicase Ski2 (Fig-
ure S1E). Subsequently, we identified a region within the
N terminus of CtNop53, comprising residues 52–98, which was
sufficient for interacting with CtMtr4 (Figure S1F). These in vitro
data could be recapitulated and expanded on in vivo using
Saccharomyces cerevisiae (Sc). Nop53 constructs with trunca-
tions from the N terminus still associated with pre-ribosomes;
however, no longer co-purified Mtr4 (Figure 1D). Together, these
data indicate that the N-domain of Nop53 and Mtr4’s arch
domain make a robust physical interaction. Consistent with
this biochemical data, the Nop53 DN66 and Mtr4 Darch mutants
show highly similar slow-growth phenotypes in yeast, suggest-
ing that in vivo the Nop53-Mtr4 interaction is functionally impor-
tant (Figure 1E).
Previous studies have shown that depletion of Nop53 resulted
in accumulation of 5.8S rRNA precursors, including 7S and
5.8S+30 intermediates (Granato et al., 2005; Thomson and Toll-
ervey, 2005). In contrast, depletion of Mtr4 or deletion of the
arch domain induced accumulation of several rRNA substrates,
which included not only 5.8S rRNA precursors but also the 50
ETS fragment (cleaved from the 35S rRNA precursor during
rRNA processing), which was no longer degraded by the exo-
some (de la Cruz et al., 1998; Jackson et al., 2010; Klauer and
van Hoof, 2013). When the N terminus of Nop53, required for
interaction with Mtr4, was truncated (Figure 1D), an accumula-
tion of 5.8S precursors (7S and 5.8S+30) was observed, whereas
the 50 ETS remained unaffected (Figure 1F). Together, these data
show that the Mtr4-Nop53 interaction is specifically required for
7S pre-rRNA processing, but is not necessary for the degrada-
tion of the 50 ETS rRNA.
Nop53 and Mtr4 Bind at Adjacent Sites on the
Pre-ribosome
As Mtr4 and Nop53 interact with each other, we asked whether
they bind at adjacent sites on yeast pre-ribosomes. Using CRAC
(cross-linking and analysis of cDNAs), an in vivo RNA-protein
crosslinking technique (Granneman et al., 2009), the interaction
sites of Nop53 within the pre-ribosome were mapped. Markedly,
Nop53 was found to specifically crosslink to a single site along
the rRNA, helix 15–17 of the 25S rRNA (Figures 2A, left, and
2B). This crosslink site is close to the 30 end of mature 5.8S
rRNA, where exosome-dependent ITS2 (internal transcribed
spacer 2) processing occurs (see below). In the case of Mtr4, a
CRAC-based transcriptome-wide RNA interaction profile has
recently been reported (Tuck and Tollervey, 2013). In addition
to numerous other RNA substrates, this analysis revealed that
Mtr4 crosslinked over the rRNA, with major sites corresponding
to the 50 ETS and 5.8S rRNA. To ‘‘filter’’ for the sites of crosslink
when Mtr4 is bound to 60S pre-ribosomes (containing the 7S
pre-rRNA), we performed a modified version of CRAC. We em-
ployed a split-affinity purification strategy using the TAP-Flag-
Nop53 bait in the first native isolation step and the Mtr4-(His)6
bait in the second purification step performed under denaturing
conditions. When compared to the Mtr4-HTP CRAC, which was
used as a control, this split purification strategy enriched specif-
ically for hits over the 30 end of the 5.8S rRNA and the 50 end ofITS2 (Figures 2A, right panel, and 2B). Based on the RNA IP of
Nop53 (Figures S1B and S1C), this likely corresponds to the
7S pre-rRNA. In contrast, the prominent 50 ETS rRNA crosslink
site observed in the control Mtr4-HTP CRAC was underrepre-
sented in the Nop53-Mtr4 split CRAC (Figure 2A, right). Interest-
ingly, we observe a decrease in crosslinking of Mtr4-HTP to the
30 end of 5.8S/ITS2 region by repressing NOP53 gene expres-
sion in a yeast strain using the glucose repressible GAL1 pro-
moter (Figure 2C). This finding supports the idea that in the
absence of Nop53, Mtr4 is inefficiently recruited to the 5.8S-
ITS2 region of the pre-60S particle.
Next, we mapped the identified crosslink sites of Nop53
and Mtr4 onto the cryo-EM structure of the early pool of the
Arx1 pre-60S particle (Leidig et al., 2014) (Figure 2D). This
pre-ribosome displays a similar protein and RNA composition
to a Nop53 particle (Figures S1A–S1C), making it a potential
target of the Mtr4-exosome machinery. According to this
pre-60S model, the crosslink sites of Nop53 and Mtr4 are
adjacent to each other and are congruous with the direct inter-
action of Nop53 and Mtr4 on the pre-ribosome. Thus, Nop53
has all the characteristics to act as the adaptor protein between
the maturating pre-60S particle and the Mtr4 helicase, posi-
tioning Mtr4 on the pre-60S particle to allow remodeling
of the ITS2 region and thus promote exosome-mediated
processing.
Nop53 and Utp18 Share a Conserved Motif that
Mediates Their Interaction with Mtr4
Prompted by our findings on the function of Nop53, we hypoth-
esized that the Mtr4-exosome machinery is recruited, via the
arch domain of Mtr4, to other RNA substrates by additional
‘‘adaptor’’ proteins. To identify such factors, we compared the
proteins co-purifying with Mtr4 to those associating with Mtr4
lacking the arch domain (Mtr4 Darch) (Figure 3A). Consistent
with our purification of Nop53, which showed co-precipitation
of Mtr4 (Figure 1A), the reciprocal Mtr4 purification also co-
enriched Nop53, consistent with earlier high-throughput data
(Krogan et al., 2006). As was anticipated, the association of
Nop53 with Mtr4 was lost when the Mtr4 Darch construct was
purified (Figures 3A and S2A; Table S1). Mass spectrometry
analysis identified a number of proteins in addition to Nop53
that are diminished in the Mtr4 Darch sample compared to the
wild-type (WT) Mtr4 (for some factors more than 100-fold),
including multiple 90S (in particular, UTP-A and UTP-B factors)
and 60S ribosome assembly factors (Figure S2A; Table S1).
However, components of the TRAMP complex (e.g., Air1 and
Air2), which are characterized as Mtr4-interacting proteins, are
unaffected (Table S1). Of the factors that are reduced, the essen-
tial ribosome biogenesis factor Utp18 further attracted our
attention as we also identified it in a yeast two-hybrid screen
of ribosome biogenesis factors as interacting with Mtr4
(Figure S2B).
Utp18 is a subunit of the UTP-B complex that is part of the 90S
pre-ribosome (Dosil and Bustelo, 2004; Grandi et al., 2002) and
participates in the early steps of pre-ribosome assembly. These
early events result in the cleavage of the 50 ETS from the rRNA
precursor and its subsequent degradation. Thus, we reasoned
that Utp18 may constitute an adaptor protein that directlyCell 162, 1029–1038, August 27, 2015 ª2015 Elsevier Inc. 1031
Figure 2. Nop53 Binds Adjacent to Mtr4 on the Pre-60S Ribosomal Subunit
(A) Illumina-Solexa results for CRAC analyses (left); ProtA-TEV-(His)6-Nop53 (blue), background untagged control (black). Right: control Mtr4-HTP (gray), and
TAP-Flag-Nop53 Mtr4-(His)6 (red). The number of hits per 1,000 rDNA reads was plotted against the position along the rDNA. The rRNA and spacer regions are
schematically represented below the x axis (ETS, external transcribed spacers; ITS, internal transcribed spacers). The location of the peaks in the secondary
structure of the rRNA is indicated with helix numbers. The asterisk (*) indicates a contaminant peak often seen in CRAC experiments.
(B) Binding sites for Nop53 (outlined in blue) and split Nop53-Mtr4 (outlined in red) are displayed on a secondary structuremodel of the 5.8S rRNA (blue) and partial
25S rRNA (orange) (http://www.rna.ccbb.utexas.edu/) and a model of the predicted ITS2 structure from yeast (black) (Coˆte´ et al., 2002).
(C) Illumina-Solexa results for CRAC analyses of Mtr4-HTP following the depletion of Nop53 (red) or in a Mtr4-HTP control (blue). The number of hits per 1,000
rDNA reads (y axis) was plotted against the position along the rDNA (x axis). The hits corresponding to the 5.8S and flanking regions are shown. These regions are
schematically represented below the x axis.
(D) Nop53 (blue ribbon) and Mtr4 (red ribbon) binding sites are mapped on the Arx1 pre-60S structure (PDB ID code 3J64). The structure shows the RNA from the
Arx1 pre-ribosome structure. (CP, central protuberance; SB, stalk base)
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Figure 3. Utp18 Binds to the Arch Domain of Mtr4 and Shares a Conserved Motif with Nop53
(A) The arch domain of Mtr4 is required for interaction with Nop53 in vivo. The affinity purification of TAP-Flag-Mtr4 and TAP-Flag-Mtr4 Darch particles. Final
eluates were analyzed by SDS-PAGE and Coomassie staining or western blot analysis (lower panels) of Nop53 (HA), Nop7, and Rpl3.
(B) Utp18 interacts with the arch of Mtr4. In vitro interaction of CtUtp18 and full-length and truncated CtMtr4. Flag-CtUtp18 was incubated with full-length or
truncated Mtr4 and immobilized on beads. Eluates were analyzed by SDS-PAGE and Coomassie staining.
(C) Affinity purification of endogenously tagged TAP-Flag-Utp18 and TAP-Flag-Nop53. The final Flag eluates were analyzed by SDS-PAGE, followed by
Coomassie staining and western analysis (lower panels) of Mtr4 and Rpl3. The respective bait proteins are indicated by *.
(D) Utp18 co-precipitates the 50 ETS rRNA spacer fragment. Analysis of 50 ETS RNA co-precipitating with TAP-Flag-Utp18 and TAP-Flag-Nop53 compared to the
untagged WT control. The 50 ETS was visualized with the 033 oligonucleotide probe.
(E) Nop53 and Utp18 share a common N-terminal motif. A multiple sequence alignment of the N-terminal regions of the proteins Nop53 and Utp18. The
sequences for the following organisms were aligned: Saccharomyces cerevisiae (Sc), Schizosaccharomyces pombe (Sp), Kluyveromyces lactis (Kl), Yarrowia
lipolytica (Yl), Chaetomium thermophilum (Ct), Neurospora crassa (Nc), Drosophila melanogaster (Dm), Mus musculus (Mm), and Homo sapiens (Hs) using
ClustalW2 and Jalview. The consensus motif is shown underneath the alignment, where f represents any hydrophobic amino acid.
See also Figures S2 and S3 and Table S1.interacts with and recruits Mtr4 and consequently the exosome
to the 50 ETS fragment for degradation.
The Mtr4-Utp18 interaction could be proven by in vitro recon-
stitution using recombinant C. thermophilum proteins, and as in
the case of CtNop53, CtUtp18 was efficiently recruited to the
shortened CtMtr4 arch domain (Figure 3B). We therefore tested
whether Mtr4 interacts with Utp18-associated complexes by af-
finity-purifying Utp18 from yeast. In addition to the myriad of
known pre-90S assembly factors (e.g., UTP-B complex) and
the 50 ETS rRNA, Utp18 also co-purified Mtr4 (Figures 3C and
3D). Together, these data suggest that Utp18 could act in an
analogous manner to Nop53 and recruit Mtr4 to the 50 ETS,
thereby promoting exosome-mediated degradation.As Nop53 and Utp18 both employ their N-domains (Figures
1D, S1F, S2C, and S2D) to bind to the Mtr4 arch, we asked if
both ‘‘adaptor’’ proteins share a common motif that they utilize
to interact with Mtr4. Hence, we compiled a multiple sequence
alignment of Nop53 and Utp18. Strikingly, a short conserved
motif, composed of a stretch of four hydrophobic amino acids,
followed by an invariable negatively charged aspartate at the fifth
position was identified in the amino-terminal extensions of both
Utp18 and Nop53 (Figures 3E, S3A, and S3B). When this five-
residue-long consensus motif in either CtNop53 or CtUtp18
was mutated to alanines (CtUtp18 5xAla, CtNop53 5xAla) or
the invariant aspartic acid was converted to arginine (CtUtp18
D109R, CtNop53 D67R), the in vitro interaction with CtMtr4Cell 162, 1029–1038, August 27, 2015 ª2015 Elsevier Inc. 1033
Figure 4. Nop53 and Utp18 Harbor a Com-
mon Motif that Mediates Interaction with
the Arch Domain of Mtr4
(A) Disruption of the AIM in Nop53 or Utp18
abolishes interaction with Mtr4 in vitro. Binding
assays of CtMtr4 with WT or mutant CtNop53 and
CtUtp18 containing either a single amino acid
substitution or a patch of five point mutations. WT
and mutant forms of GST-CtNop53 (left) or Flag-
Utp18 (right) were incubated with purified CtMtr4.
(B) Disruption of the conserved N-terminal motif in
Nop53 or Utp18 disrupts the interaction with
Mtr4 in vivo. Affinity purification of WT and mutant
TAP-Flag-Utp18 (left) and TAP-Flag-Nop53 (right).
Plasmids containing WT or mutant forms of
TAP-Flag-ScNop53 or TAP-Flag-ScUtp18 were
transformed into Nop53 and Mtr4 shuffle strains,
respectively. Transformants were selected on
FOA, followed by growth on YPD. Following
purification, the final eluates were analyzed by
SDS-PAGE and Coomassie staining or western
blot analysis using the indicated antibodies. The
respective bait proteins are indicated by *.
(C) Disruption of the AIM motif in Nop53 or Utp18
causes specific pre-rRNA processing defects.
RNA analysis of mutations described in (B) using
the indicated probes.
(D) Growth analysis of wild-type Nop53 and Utp18
compared to Nop53 and Utp18 AIM mutants. WT
and mutant Nop53 and Utp18 constructs were
transformed into Nop53 and Utp18 shuffle strains,
respectively, selected on FOA and tested for
growth on YPD plates. Strains were plated in
10-fold serial dilution and grown at the indicated
temperatures.
(E) Growth analysis of WT Utp18 compared to
Utp18 AIM mutants in an rrp6D and rrp47D back-
ground. WT and mutant Utp18 constructs were
transformed into a Utp18 shuffle strain or a Utp18
shuffle strain, where Rrp6 or Rrp47 had been dis-
rupted. Cells were plated in 10-fold serial dilutions
on SDC (2 days) or SDC+FOA (6 days) plates and
incubated at 30C.
(F) Disruption of the conserved arginine residue in
the KOWdomain ofMtr4 abolishes interaction with
Nop53. In vitro binding assays ofCtNop53withWT
or mutant CtMtr4. GST-CtNop53 was incubated
with WT CtMtr4 or CtMtr4R693A/D and immobi-
lized on GSH beads. Eluates were analyzed by
SDS-PAGE and Coomassie staining.
See also Figures S4 and S5.was abolished (Figure 4A). Likewise, yeast two-hybrid analysis
showed that the orthologous mutations in the ScNop53 and
ScUtp18 (ScUtp18 5xAla; ScUtp18 D88R and ScNop53 5xAla;
ScNop53 D64R) also caused a loss of interaction with Mtr4 (Fig-
ure S4A). We thus term this short sequence present in Nop53
andUtp18 theMtr4 arch interactionmotif (AIM).Moreover, in vivo
affinity-purified yeast Utp18 andNop53 harboring AIMmutations
showed a significantly reduced associationwithMtr4 (Figure 4B).
As anticipated, mutating the AIM within Utp18 or Nop53 altered
the rRNA turnover and processing. The Utp18 motif mutants
inhibited the degradation of the 50 ETS, while the Nop53 mutants
impaired 7S pre-rRNA processing (Figure 4C). During the course1034 Cell 162, 1029–1038, August 27, 2015 ª2015 Elsevier Inc.of identifying novel adapter proteins that target Mtr4 via its arch
domain, we found that Sqs1/Pfa1, a G-patch protein that inter-
acts with the RNA helicase Prp43 (Lebaron et al., 2009; Pertschy
et al., 2009), decreased in its association with Mtr4 when the
Arch domain was removed (Figure S2A; Table S1). Notably,
Sqs1 contains a perfect AIM consensus sequence, which, like
Nop53 and Utp18, was shown by yeast two-hybrid and in vivo
purification to mediate the interaction with Mtr4 (Figures S4A–
S4C; see also the Discussion).
Mutation of the AIM motif within yeast Nop53 (5xAla or D64R)
showed a slow growth and a dominant-negative phenotype with
impaired 7S rRNA processing (Figures 4D, S4D, and S4E), while
Figure 5. A Model of Mtr4 Recruitment to Arch Interaction Motifs
Present in the Adaptor Molecules Nop53 and Utp18
The N-terminus of Utp18 and Nop53 each contain an AIM motif that interacts
with the arch domain of Mtr4. Utp18 recruits Mtr4 to the excised 50 ETS
fragment of the rRNA, which is destined for exosome-mediated degradation.
In contrast, Nop53 recruits Mtr4 to pre-60S particles for exosome-mediated
processing. These particles contain precursors of the 5.8S (which contain the
ITS2 extension) that are likely located in the ‘‘foot’’ structure (colored in yellow)
of pre-60S particles (Leidig et al., 2014).the equivalent mutations in Utp18 lead to no significant growth
defect (Figure 4D). The absence of a growth phenotype in the
case of Utp18 is likely due to the existence of redundant mech-
anisms for degradation of the 50 ETS (Allmang et al., 1999; Leb-
reton et al., 2008; Mitchell et al., 2003; Petfalski et al., 1998). We
therefore tested if Utp18 AIM mutants exhibit a synthetic growth
defect when combined with other components implicated in 50
ETS turnover, including the nuclear exosome component
Rrp6 and its co-factor Rrp47. Indeed, when the AIM of Utp18
was mutagenized in rrp6D or rrp47D, synthetically lethal growth
defects were observed (Figure 4E; e.g., utp18 5xAla/rrp6D).
Further, we found that AIMmutants of Utp18 and Nop53 showed
a stronger dominant-negative phenotype when expressed in an
rrp6D or rrp47D strain as compared to a wild-type background
and resulted in enhanced RNA processing/degradation defects
(Figures S4D–S4G).
Finally, we aimed to identify residues in Mtr4 responsible for
the interaction between the Mtr4 arch and the short N-terminal
binding motifs in Utp18 and Nop53. From the crystal structure
of the yeast Mtr4 (Jackson et al., 2010; Weir et al., 2010), in com-
bination with multiple sequence alignments, we discovered a
highly conserved and surface-exposed arginine residue (R678)
that is present in the KOW region at the tip of the arch domain
(Figures S5A and S5B). This same arginine, which is embedded
in a region rich in hydrophobic residues, has recently been impli-
cated in contacts within the Mtr4-containing TRAMP complex
(Falk et al., 2014) and is also found in the cytoplasmic helicase
and exosome co-factor Ski2, where it promotes RNA binding
(Halbach et al., 2012). Mutagenesis of the equivalent residues
in either ScMtr4 (R678A/D) or CtMtr4 (R693A/D) abolished the
interaction with Nop53 and Utp18 (Figures 4F, S5C, and S5D).
Thus, the invariant Asp within the Nop53 and Utp18 adaptor pro-
teins may be involved in forming a salt bridge to the highly
conserved Arg residue within the Mtr4 arch. Additionally, hydro-
phobic interactions between the consensus motif in Nop53 or
Utp18 and the KOW domain could contribute to this interaction.
DISCUSSION
One of the key questions regarding the function of the RNA exo-
some is how it recognizes and is guided to its diverse substrates.
Here, we describe an unexpectedly simple mechanism by which
the nuclear exosome-associated helicase, Mtr4, is targeted via
unique adaptor proteins, each containing a conserved motif
(arch interaction motif, AIM), to different substrates generated
during rRNA processing (Figure 5). Recruitment of Mtr4 by
adaptor proteins allows subsequent exosome-mediated pro-
cessing of the 7S pre-rRNA (via Nop53) or TRAMP/exosome-
dependent (Houseley and Tollervey, 2006; LaCava et al., 2005)
degradation of the 50 ETS RNA (via Utp18). Precise timing of
these processing and degradation events is critical, and it can
be envisaged that AIM-mediated recruitment of Mtr4 must like-
wise be tightly regulated. A number of different modes of Mtr4
recruitment to the RNP can be envisaged. It is possible that
the AIM-containing adaptor protein is present on the RNP but
is inaccessible until the correct time, e.g., through shielding ef-
fects of a binding partner. Removal of such a shielding factor
would be necessary to expose the AIM motif and allow for thetimely Mtr4 and exosome recruitment. Alternately, Mtr4 and
the AIM-containing adaptor may assemble onto the evolving
RNP concomitantly, at a site that was previously rendered inac-
cessible, but becomes activated at a distinct biogenesis step.
Both scenarios would allow for the timely recruitment of Mtr4
and the exosome, and it is possible that additional factors could
contribute to this process. In view of our findings, we suggest
that other adaptor proteins harboring a versatile AIM motif exist,
which employ a similar mechanism to recruit Mtr4 and the exo-
some to diverse RNA substrates (e.g., CUTs and nuclear-re-
tained defective mRNAs). One such factor could be the G-patch
protein Sqs1, which we identified as containing an AIMmotif that
mediates an interaction withMtr4. Sqs1 is a co-factor of the RNA
helicase Prp43, a protein itself implicated in the biogenesis of
both ribosomal subunits (Lebaron et al., 2009; Pertschy et al.,
2009) and pre-mRNA splicing (Arenas and Abelson, 1997).
Thus, it is tempting to speculate that Sqs1 recruits Mtr4 and
the exosome; however, it is currently unclear which RNA species
is targeted.
The ‘‘arch’’ domain of Mtr4 is found only in helicases associ-
ated with the exosome. These include the cytoplasmic Ski2, as
well as Mtl1, a component of the MTREC (Mtl1-Red1 core) com-
plex in S. pombe (Lee et al., 2013). Both of these proteins contain
the highly conserved Arg residue, which we identified as being
required for the interaction of Mtr4 with Nop53 or Utp18. We
therefore speculate that the cytoplasmic exosome and the
MTREC complexes may also recognize AIM-like motifs in
adaptor proteins and that this may constitute a general mecha-
nism of regulating exosome recruitment. While we propose
that the principle may be conserved for recruitment of other exo-
some-associated helicases, a degree of specificity appears also
to be ensured; i.e., adaptor proteins for Mtr4 do not ‘‘cross-
react’’ with Ski2. This would lead to the prediction that the motifsCell 162, 1029–1038, August 27, 2015 ª2015 Elsevier Inc. 1035
to be recognized by additional helicases would be subtly
different from the AIM of Mtr4.
The AIM identified in the N terminus of Utp18 is clearly identifi-
able in fungi and in some plants (including Arabidopsis thaliana)
and based on applying the strict consensus sequence (Fig-
ure S3B). However, it remains unclear to what extent the AIM
sequence can deviate from its consensus without affecting its
function. Hence, it may be possible that some vertebrate ortho-
logs of Utp18 contain an AIM-like motif but with some variation
from the consensus. Another potential rationale for the lack of
conservation is that the process of excising the 50 ETS rRNA frag-
ment is not identical in metazoans as it is in yeast, although Mtr4
and the exosome are still required (Sloan et al., 2014). It would
follow that the turnover pathway of the excised region could
also be distinct from that seen in yeast. Therefore, other early
ribosome assembly factors may contain an AIM-like element to
act as adapters for Mtr4/exosome in higher eukaryotes. Another
explanation for the lack of Utp18 conservation could be that the
degradation of the 50 ETS fragment appears to integrate overlap-
ping and partially redundant mechanisms (Allmang et al., 1999;
Lebreton et al., 2008; Mitchell et al., 2003; Petfalski et al.,
1998). Thus, as alternate pathways for 50 ETS degradation exist,
no strong selective pressure to retain the AIM in Utp18 may be
exerted.
In contrast to Utp18, the AIM-targeting element is found in
Nop53 throughout eukaryotes and can be observed in PICT1,
the human homolog of Nop53 (Figure S3A). PICT1 is a compo-
nent of the nucleolar stress-sensing machinery that has been
shown to regulate the p53 tumor suppressor (Sasaki et al.,
2011). Consequently, PICT1 has been implicated in tumor devel-
opment and used as a prognostic marker for certain cancers
(Sasaki et al., 2011; Smith et al., 2000). In view of the adaptor
role that we describe for Nop53, it is conceivable that additional
layers of Nop53-mediated regulation exist, and when subject to
deregulation, could ultimately influence tumor formation.
EXPERIMENTAL PROCEDURES
Yeast Strains and Genetic Methods
The S. cerevisiae strains used in this study are listed in Table S2. Gene disrup-
tion and C- and N-terminal tagging were performed as previously described
(Janke et al., 2004; Longtine et al., 1998). All strains are derived from W303
(Thomas and Rothstein, 1989) or DS1-2b (Nissan et al., 2002). The reporter
strain PJ69-4A was used for the yeast two-hybrid analysis (James et al., 1996).
Plasmid Constructs
All recombinant DNA techniques were performed according to standard pro-
cedures using Escherichia coliDH5a for cloning and plasmid propagation. The
CtMtr4, CtNop53, and CtUtp18 coding sequences were PCR amplified from
cDNA (GenBank accession numbers CtMtr4 XM_006690671, CtNop53
XM_006694286, and CtUtp18 XM_006695697) and cloned into the indicated
plasmids. A full list of constructs generated and utilized in this study can be
found in Tables S3 and S4.
Tandem Affinity Purifications
Purifications of N-terminal TAP-Flag-tagged or C-terminal FTpA-tagged bait
proteins were performed in buffer containing 50 mM Tris-HCl (pH 7.5),
100 mM NaCl, 1.5 mM MgCl2, 5% glycerol, 0.1% NP-40, and 1 mM DTT.
Cell pellets were lysed in a beadbeater (Fritsch). The lysate was cleared by
centrifugation, and immunoglobulin G Sepharose 6 Fast Flow (GE Healthcare)
was added to the supernatant. After a 90 min incubation at 4C, the beads1036 Cell 162, 1029–1038, August 27, 2015 ª2015 Elsevier Inc.were washed and samples were eluted by TEV cleavage for 90 min at 16C.
The eluate was further purified with Flag agarose beads (ANTI-Flag M2 Affinity
Gel, Sigma Aldrich). After a 1 hr incubation, beads were washed and eluted
with buffer containing 1.53 Flag peptide (Sigma-Aldrich). Samples were
precipitated by the addition of TCA (final concentration 10%) and resuspended
in SDS sample buffer. Protein samples were separated on 4%–12% gradient
polyacrylamide gels (NuPAGE, Invitrogen) and stained with colloidal Coomas-
sie (Roti-Blue, Roth).
RNA Immunoprecipitation
For analysis of RNA associated with N-terminal TAP-Flag or C-terminal FTpA-
tagged proteins, a one-step affinity purification was performed as previously
described (Thomson and Tollervey, 2010). The total RNA loaded represents
2% of the input of the precipitated sample. Associated RNAs were analyzed
by northern hybridization or primer extension (see below).
RNA Extraction and Analysis
RNA was extracted as previously described (Tollervey and Mattaj, 1987) and
resolved on standard 6% acrylamide/8.3 M urea gels. Primer extension reac-
tions were carried out as previously described (Beltrame and Tollervey, 1992),
using oligo 007, which hybridizes to the 50 end of 25S rRNA (CTCCGCTTATT
GATATGC). For northern analysis, the following oligos were 50-labeled with
32P: 017 (GCGTTGTTCATCGATGC), 020 (TGAGAAGGAAATGACGCT), 033
(CGCTGCTCACCAATGG), and 041 (CTACTCGGTCAGGCTC).
CRAC Analysis
The CRAC experiments were performed as previously described with only mi-
nor modifications (Granneman et al., 2009, 2011); please see the Supple-
mental Experimental Procedures for a full description and Table S5.
Protein Purification and Binding Assays with CtNop53, CtUtp18, and
CtMtr4
CtNop53, CtUtp18, and CtMtr4 were obtained through a series of affinity, ion
exchange, and size-exclusion purification steps. For a full description of each
purification strategy, please see the Supplemental Experimental Procedures.
All binding assays were performed in buffer C (20 mM HEPES [pH 7.5],
150 mM NaCl, 5 mM MgCl2, 5% glycerol, and 2 mM DTT), supplemented
with 0.01% NP-40. Bait proteins were incubated with a 2.53 molar excess of
prey proteins in 500 ml buffer at 4C for 45 min. Gutathione (reduced) (GSH)
agarose (Prontino, Macherey-Nagel), in the case of CtNop53, or Flag agarose
(ANTI-Flag M2 Affinity Gel, Sigma Aldrich), in the case of CtUtp18, was added,
and sampleswere incubated for an additional 45min at 4C. Thewashwasper-
formed in 1mlMobicol columns (MoBiTec) in a pre-cooled table-top centrifuge
(4C). Beadswerewashedoncewith 800ml of buffer C, including 0.01%NP-40,
followed by two additional washeswith 500 ml buffer. Sampleswere elutedwith
20 mM HEPES (pH 7.5), 150 mM NaCl, 5 mM MgCl2, 5% glycerol, and 0.01%
NP-40, supplemented with 25 mM L-glutathione (GSH) in the case ofCtNop53
or 1.53 Flag peptide (Sigma Aldrich) in the case of CtUtp18. Samples were
analyzed by SDS-PAGE and Coomassie staining.
Mass Spectrometry
Mass spectrometry analysis of co-precipitating proteins of wild-type Mtr4
compared to Mtr4 Darch. Purifications were performed for TAP-Flag-Mtr4
and TAP-Flag-Mtr4 Darch in two separate experiments. Co-precipitating pro-
teins were identified by 1DnLC-ESI-MS-MS spectroscopy at the FingerPrints
Proteomics facility at the University of Dundee and analyzed using the Max-
Quant software (Luber et al., 2010). Label-free quantification was performed,
and the resulting iBAQ numbers are shown in Table S1.
Miscellaneous
Additional methods used in the study include analysis of Coomassie-stained
bands by mass spectrometry (Bassler et al., 2001; Nissan et al., 2002). West-
ern blot analysis was performed according to standard procedures, and yeast
two-hybrid analysis was performed as previously described (James et al.,
1996).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and five tables and can be found with this article online at http://
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